When HeLa cells are irradiated with UV and treated with the DNA synthesis inhibitors hydroxyurea (HU) and 1-6-Darabinofuranosylcytosine (ara C ) , DNA strand breaks accumulate at sites where excision repair of DNA damage has been inhibited after the incision step. This break accumulation occurs in mitotic, Gl and S phase cells. But UV-induced repair synthesis of DNA, as measured by[ 3 H]thymidine incorporation into unreplicated DNA, is not inhibited by HO and ara C in Gl or S phase cells, even though replicative synthesis is virtually abolished. Repair and replication must therefore utilise different DNA precursor pools, or different DNA synthetic systems; and the action of HU and ara C in causing strand break accumulation may occur at the ligation step of excision repair.
INTRODUCTION
It has long been believed 1~! that the excision repair mode of DNA synthesis is not affected by compounds that are very effective inhibitors of replicative DNA synthesis -notably hydroxyurea (HU), which depletes nuclear deoxyribonucleoside triphosphate (dNTP) pools by inhibiting ribonucleotide reductase*, and 1-B-D-arabinofuranosylcytosine (ara C ) , which is phosphorylated intracellularly to ara CTP, an inhibitor of DNA polymerase a 5 . HU is often used for the selective suppression of replicative DNA synthesis, so as to assist the detection of repair synthesis'• s~* . Yet HU and ara C can interfere with excision repair; when present after UV they cause DNA strand breaks to accumulate 9 " 11 , and ara CTP depresses repair synthesis in cell-free systems 1 2 ' 1 1 as does ara C in quiescent cells 1 *.
In most previous studies, the effects of DNA replication inhibitors on repair synthesis have been studied in unsynchronised populations of growing cells, in quiescent populations, or in autoradiographically selected cells outside S phase. This creates a difficulty in interpretation. In an unsynchronised population, repair synthesis is measured in cells at all stages of the cell cycle; in quiescent or selected cells, it is measured in cells outside S phase; but by definition replicative synthesis is confined to cells in S phase. There may be cell cycle-dependent factors which make both repair and replication in S phase more sensitive to inhibition by HU and ara C. If there are, then comparisons of inhibition of repair throughout the cycle, or outside S phase, with inhibition of S phase replication may be misleading.
We have therefore compared the effects of HU and ara C on replicative and repair synthesis, and on DNA strand break accumulation, in synchronised populations of HeLa cells wholly inside or outside S phase, to avoid this difficulty.
MATERIALS AND METHODS
Cell culture, labelling and irradiation for measurement of strand break accumulation HeLa cells were grown at 37°C in monolayer cultures in plastic Petri dishes, in Eagle's minimal essential medium supplemented with antibiotics and 5% foetal calf serum. Cells were incubated for 6 h with 0.04 uCi/ml [ 3 H]thymidine (57 Ci/ mmole; Radiochemical Centre, Amersham) to prelabel DNA, before being synchronised in mitosis by a thymidine-nitrous oxide block as previously described 1! . Cells to be irradiated in mitosis were given HU and ara C (10~2 M and 10"" M respectively) and held in mitosis under nitrous oxide for 75 min; other cells were released from nitrous oxide, plated out and allowed to proceed into Gl or S phase (2.5 and 12.5 hours after release, respectively) and given HU and ara C for 30 min before irradiation.
For irradiation, mitotic cells were centrifuged briefly and the pellet resuspended at 10 6 cells/ml in phosphate buffered saline (PBS); interphase cells were scraped free with a silicone rubber policeperson and similarly resuspended. 0.5 ml samples of cell suspension were put into 30 mm dishes, and irradiated with 1-30 Jm~2 of UV light from a mercury lamp emitting predominantly at 254 nm. To each sample was added 1.5 ml of medium containing 7% foetal calf serum, HU and ara C, and incubation continued for 30 min. Alkaline lysis and hydroxyapatite chromatography
The technique devised by AhnstrBm and Edvardsson 16 was used to measure DNA strand breaks accumulated after incision in the presence of HXJ and ara C. Cells were scraped off, centrifuged, washed with cold PBS, recentrifuged and suspended in PBS at 5 x 10 G cells/ml. 50 ul samples were added to 1 ml alkaline sucrose solution (5% w/v sucrose, 0.3 M NaOH, 0.5 M NaCl, 0.01 M EDTA, pH 12.7) on ice; after 15 min of lysis these were neutralised and sheared, and double-and singlestranded DNA separated by hydroxyapatite chromatography and estimated by scintillation counting as previously described 17 .
The extent of unwinding of DNA in alkali to the single-stranded form depends on the frequency of DNA strand breaks; the system was calibrated with samples of cells X-irradiated to introduce known numbers of breaks, then lysed and chromatographed. Kinetic analysis of incision rates
The UV dependence of DNA strand break accumulation can be used to determine the approximate enzymatic parameters of the incision step of HD/ara C-sensitive excision repair, with certain assumptions ' 8 . Using the cycle-dependent UV dimer yields previously determined ' 5 , linear regression analyses of Eadie-Hofstee plots of breaks per dimer versus reciprocal break frequency were used to calculate the enzymatic parameters V
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(maximum incision rate, over 30 min, at infinitely high dimer concentration) and K M (dimer concentration at half-maximum incision rate), and a third parameter which is a function of the first two, the number of breaks per dimer over 30 min at an infinitely low dimer concentration 19 .
Measurement of repair synthesis Synchronised mitotic HeLa, without prelabelling, with a mitotic index of 99% were plated out into 150 mm dishes at 4xlO 6 cells/dish, and allowed to progress through the cell cycle for 3 h (Gl population) or 12 h (S phase population). Repair synthesis of DNA was determined essentially by the method of Cleaver 2 .
Cells were preincubated for 1 h with 3 yg/ml broroodeoxyuridine (BUdR) and 10 yM fluorodeoxyurldine (FUdR); during the last 30 min, HU and ara C (10~2 M and 10" 1 * M respectively) were present in some dishes. The medium was then removed, and replaced with PBS, and some cultures were irradiated with UV (10 Jm~2). The PBS was then removed and 10 ml of fresh medium added to each dish, with BUdR and FUdR as before, with HU and ara C in the dishes preincubated with those compounds, and with 20 uCi/ml of [*H]thymidine in all cases. After 3 h further incubation, the medium was removed, and cells were washed in ice-cold PBS, scraped off with a silicone rubber policeperson, and centrifuged briefly. Cell pellets were stored frozen at -20°C.
Each cell pellet was suspended in 2.5 ml of 0.15 M NaCl, centrifuged, and resuspended in 2 ml of buffer A (0.01 M Tris HC1, 0.01 M NaCl, 0.01 M EDTA, 0.1% sodium dodecyl sulphate, pH 8.0). After 10 min incubation at 70°C, ribonuclease A (Sigma Biochemicals; 50 yg/ml) was added and incubation continued for 1 h at 45°C. This was followed by incubation with proteinase K (Boehringer Mannheim; 50 yg/ml) for 1 h at 45°C. An equal volume of chloroform:isoamyl alcohol (24:1) was added, thoroughly mixed with the lysate, and centrifuged at low speed to separate the aqueous and non-aqueous phases. The aqueous phase was removed, and to it were added 2 volumes of ethanol; DNA was spooled out, and dissolved in 1 ml of buffer A. The extraction with chloroform:isoamyl alcohol and precipitation with ethanol were repeated, and the DNA finally dissolved in 0.5 ml 0.01 MTris HC1, pH 8.4, sheared to about 10 7 daltons molecular weight by passage through a 22g needle, and added to CsCl solution to give a final density of 1.72.
5.3 ml samples were centrifuged in a Beckman VTi-65 rotor for 20 h at 45,000 rpm at 20°C to produce isopycnic gradients. Gradients were fractionated with an Isco Model 185 fractionator, fitted with-an adaptor (Northfield Products) to take Beckman Quickseal tubes. Fluorinert chase liquid was injected underneath the gradients at 0.375 ml/min, and the gradient fractions were collected at 30 sec intervals after passage through the flow cell of an Isco photometer measuring absorption at 265 nm.
Fractions were diluted to 3 ml with water, and radioactivity determined by scintillation counting. Areas of DV absorption peaks were determined with a Kontron Digiplan integrator.
RESULTS AND DISCUSSION

Strand break accumulation
In the presence of HU and ara C, HeLa cells accumulate UV-dependent DNA strand breaks in mitosis, Gl and S phase (Fig.  1 ) . Kinetic analysis of these data gives the apparent enzymatic parameters of incision shown in Table 1 There is a cycle-dependent variation in incision parameters in HeLa similar to, but less marked than, that reported for cycling CHO-K1 cells 19 .
Repair synthesis of DNA But estimations of repair synthesis and its sensitivity to HU and ara C give apparently contradictory results. Profiles of r JV absorption and 3 E label distribution from the CsCl gradients are shown in Figs. 2 a 3. As would be expected, DNA prepared from Gl phase HeLa cells exposed to BUdR runs as a single light band on isopycnic gradients (Fig. 2A) ; S phase DNA gives 2 bands, the heavier representing BUdR-substituted DNA synthesised by replication (Fig. 3A) . In unirradiated cells this band is heavily labelled with S H from[ 3 H]thymidine (Fig. 3B ). Repair synthesis after UV irradiation causes [ l H]thymidine, and BUdR, to be incorporated into repair patches in pre-existing DNA, but the amount of incorporation into each DNA fragment is so small that the buoyant density of the DNA is not significantly affected. Thus repair synthesis appears as label in the lighter DNA band. . 2B shows the expected labelling of the light DNA band due to UV-lnduced repair in Gl cells; this Gl repair synthesis is clearly not inhibited by HU plus ara C. (The label in Gl material to the right of the light peak represents a small fraction of contaminating S phase cells in the population.) In the unirradiated S phase population the intense 3 H-labelling of the heavy DNA peak is almost completely abolished by HU plus ara C (Fig. 3B) . The small, unlabelled heavier peak in the corresponding UV absorption profile in Fig. 3A presumably corresponds to BUdR-substituted DNA synthesised in the initial period of preincubation, before the HU and ara C became effective and before [ s H]thymidine was added.
The critical experiments are illustrated in Figs. 3B a C. In S phase cells irradiated without HU and ara C, the amount of DNA synthesised is considerably reduced compared to the unirradiated control (Fig. 3B ), in accordance with many other reports of the inhibitory effects of pyrimidine dimers on replicative DNA synthesis. Repair synthesis in the absence of HU and ara C is perceptible, but minor in comparison with replication. But in S phase cells irradiated in the presence of HU and ara C, the peak of repair synthesis survives though replicative synthesis is abolished.
In Figs. 2B and 3C , the incorporation of [ 3 HIthymidine into the lighter, unreplicated DNA is shown after normalisation with respect to the integrated absorption of the DNA peaks; this gives a measure of specific repair incorporation of S H per unit DNA. The total specific repair incorporation in the Gl unreplicated DNA is slightly increased by HU plus ara C, from 43 to 54 cpm per unit integrated absorption; in S phase cells the same UV dose in the presence of HU and ara C produces 90 cpm per unit.
The real effects of HU and ara C Until now, it has always been possible to argue that the insensitivity of repair synthesis in asynchronous cell cultures to inhibition by HU and ara C may reflect the presence in non-S phase cells of a pool of DNA precursors sufficient for the small demands of repair synthesis, even when further provision of precursors is blocked by HU, and the presence in particular of enough dCTP to compete successfully with ara CTP for the DNA polymerase binding site. The expectation would then be that repair and replicative synthesis occurring in the same intracellular environment, in S phase, would show the same sensitivity to inhibition. This study has demonstrated, however, that repair incorporation of labelled thymidine into DNA is resistant to HU and ara C even in S phase nuclei where replicative DNA synthesis is almost completely suppressed. The selective suppression of replicative synthesis cannot, therefore, be due to a temporal segregation of the precursor pools utilised in repair and in replication, or to any other cell cycle-dependent factor. It must be due either to the existence of different precursor pools within the same nuclei, or to differences in the DNA polymerases used in repair and in replication: to a repair pool separated from a much smaller replication pool, or to a repair polymerase resistant to ara CTP and with higher affinity for deoxyribonucleoside triphosphates.
There is some evidence that repair and replication precursor pools may differ. Ciarrocchi et al. 2 * report that in permeabilised cells thymidine is preferred to its triphosphate as a substrate for replicative DNA synthesis, while repair synthesis is optimal with thymidine triphosphate. Reddy and Pardee 22 , also investigating replication in permeabilised cells, found that ribonucleoside diphosphates (rNDPs) were preferred to dNTPs as substrates. They describe a complex of enzymesincluding DNA polymerase a, ribonucleotide reductase and thymidine kinase -which assembles in the nucleus in S phase, and which seems to channel rNDPs via ribonucleotide reductase to the site of replication. Thus the true substrates for replication are the rNDPs. The small pool of dNTPs is not normally available for replication, but may be utilised in repair synthesis. The great sensitivity of replication to HU suggests that inhibition of ribonucleotide reductase may inactivate the entire replication complex, while a dNTPdependent repair system lacking ribonucleotide reductase may continue to incorporate label into the DNA.
Furthermore, though UV repair has been shown to involve the replicative DNA polymerase a 1 2 > 2 1 > 2 ' ( there is evidence that the ara C-insensitive DNA polymerase & may also be involved 2 **; this could be partly responsible for the insensitivity of repair synthesis to inhibitors of replication.
But, paradoxically, HU and ara C do affect a major fraction of UV repair as measured by strand break accumulation, although they leave repair synthesis uninhibited in HeLa cells. Two explanations are possible for this. HU and ara C have a welldocumented capacity to increase the intracellular specific activity of [ S H]thymidine 25~27 ; this can lead to an increased repair incorporation of 3 H label that masks a real decrease in repair synthesis 10 . If a fraction of UV repair polymerases are resistant to HU and ara C, the increased specific activity of the label incorporated at the sites where they operate might compensate for a reduction in net synthesis.
Secondly, the inhibition of repair by HU and ara C is revealed by DNA breaks which represent unligated repair patches. There is evidence 2 8 > 2 9 that in HeLa cells HU increases the number of dNTPs incorporated at each repair site. If the polymerisation stage of repair is slowed, but not stopped, by inhibitors, while the exonuclease digestion of the damaged strand continues, the repair polymerase may fail to catch up with the exonuclease; this would prevent ligation and increase the patch length, and so explain the continued repair synthesis and the presence of breaks. (The same result would be obtained if ligation requires a separate enzyme, more sensitive to HU and ara C than that required for the synthesis of the bulk of the patch.) Either thymidine pool effects or the balance of sensitivity of ligation and polymerisation must, however, be rather different in HeLa from the situation in quiescent human dlploid cells, where HU and ara C do partly inhibit the repair synthesis of DNA induced by UV 1 ".
Whatever the explanation, it is noticeable that the two assays which give rise to this apparent paradox are affected in opposite ways by the transition from Gl to S phase in HeLa; strand break accumulation decreases while repair incorporation increases (Figs. 1 ft 3 ) . Slor and Cleaver 30 have reported a similar increase in UV-lnduced repair synthesis in S phase HeLa, and Cleaver 31 has reported a reduction -more marked than that seen here -in the sensitivity of repair to ara C in human diploid cells in S phase. Whether the increase in repair incorporation represents more repair synthesis, or an increased specific activity of incorporated ['H]thymidine due to changes in the pool size between Gl and S phase remains to be investigated, as does the possibility that a high concentration of dCTP in S phase cells reduces the effectiveness of ara C as an inhibitor.
